1. Introduction {#sec1-cells-09-01507}
===============

Orexins (orexin-A and orexin-B; also known as hypocretins-1 and -2) are neuropeptides that are widely distributed in the central nervous system and peripheral tissues. However, orexin-producing neurons are localized only in the lateral hypothalamic area and nearby regions, with projection to numerous brain structures, and are regulated by many neurotransmitter systems \[[@B1-cells-09-01507],[@B2-cells-09-01507],[@B3-cells-09-01507],[@B4-cells-09-01507]\]. Orexin-A (OX-A) and orexin-B (OX-B), derived from a single precursor prepro-orexin, act via two types of G-protein-coupled receptors with seven-transmembrane domain topology, the orexin-1 receptor (OX-1R) and orexin-2 receptor (OX-2R) \[[@B5-cells-09-01507]\]. The anatomical architecture of orexin neurons and the wide distribution of orexin receptors appear to be essential for the multiple functions of these neuropeptides. Orexins play an important role in many physiological aspects of mammalian life, including the control of food intake and sleep--wake behavior \[[@B5-cells-09-01507],[@B6-cells-09-01507]\], as well as, among many others, the protection of neurons against oxidative stress and ischemic brain injury \[[@B7-cells-09-01507],[@B8-cells-09-01507],[@B9-cells-09-01507]\]. Brain ischemia is a neurological disorder that occurs when a part of the brain is deprived of oxygen and glucose, with subsequent neuronal cell death mainly due to oxygen and glucose deprivation (OGD)-mediated oxidative stress \[[@B10-cells-09-01507]\]. Radical oxygen species (ROS) are generated to a small extent during ischemia, while a far greater production occurs after reintroduction of oxygen during reperfusion.

Recent studies have shown that OX-A activation of OX-1R stimulates the biosynthesis of 2-arachidonoylglycerol (2-AG) \[[@B11-cells-09-01507],[@B12-cells-09-01507]\], the most abundant endocannabinoid (EC) in the brain \[[@B13-cells-09-01507],[@B14-cells-09-01507],[@B15-cells-09-01507]\]. This lipid mediator is involved in several physiological and pathological aspects of the CNS (see \[[@B16-cells-09-01507]\] for review), including neuronal survival after cerebral ischemic insult \[[@B17-cells-09-01507]\]. Indeed, OX-1R-induced 2-AG biosynthesis and subsequent activation of cannabinoid type-1 (CB1) receptors, the main target for ECs in the brain, underlies several effects of OX-A in the brain \[[@B12-cells-09-01507],[@B18-cells-09-01507]\]. Therefore, in this study, an in vitro model of oxygen--glucose deprivation (OGD) was used to mimic some pathological aspects of ischemia. In particular, we investigated if the neuroprotective effect of OX-A on OGD-induced ROS formation in primary cultures of mouse cortical neurons was mediated by 2-AG biosynthesis and subsequent CB1 activation, and through what molecular mechanisms. Moreover, we validated the neuroprotective effect OX-A in vivo by using an animal model of brain ischemia.

2. Materials and Methods {#sec2-cells-09-01507}
========================

2.1. Primary Cortical Neuron Cultures {#sec2dot1-cells-09-01507}
-------------------------------------

Primary cultures of mouse cortical neurons, derived from neonatal or 1-day-old C57BL/6 (Charles River) or monoacylglycerol lipase (MAGL) null mice (a kind gift by the Institute of Molecular Biosciences, University of Graz, Graz, Austria), were acquired as described \[[@B19-cells-09-01507]\]. Briefly, the cerebral cortex was quickly separated and mechanically dispersed in Ca^2+^- and Mg^2+^-free buffered Hanks' balanced salt solution. Then, tissues were dissociated enzymatically (0.125% trypsin solution, 37 °C for 20 min) and mechanically. Cells were inoculated at a density of 2 × 10^4^ cells/cm^2^ on polylysine-coated coverslips and grown at 37 °C in Neurobasal medium supplemented with 2% B27, 0.5 mM L-glutamine, penicillin (50 U/mL), and streptomycin (50 µg/mL), gassed with an atmosphere of 95% air and 5% CO~2~. Cells were used between 6 and 8 d in vitro. More than 80% of primary cultured cells were positive for neuronal marker NeuN antibodies, determined by immunocytochemistry (data not shown).

2.2. Oxygen--Glucose Deprivation {#sec2dot2-cells-09-01507}
--------------------------------

Primary cortical neurons were subjected to OGD as described elsewhere \[[@B20-cells-09-01507]\]. Briefly, the Neurobasal culture medium was replaced with oxygen/glucose-free balanced salt solution (BSS, in mmol/l: 116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO~4~, 1 mM NaH~2~PO~4~. ^2^H~2~O, 262 mM NaHCO~3~, 1.8 mM CaCl~2~, pH 7.2, \<0.1% O~2~), which was previously saturated with 95% N~2~/5% CO~2~ at 37 °C. Neurons were transferred to an anaerobic chamber (Plas-Labs, Lansing, MI, USA) equilibrated for 10 min with a continuous flux of gas (95% N~2~/5% CO~2~). Cells were taken out of the chamber after 60 min and the oxygen/glucose-free BSS was replaced with Neurobasal medium and, finally, transferred to the regular cell culture incubator for increasing time intervals in the normoxic conditions. Control neurons were incubated in complete Neurobasal medium in a normoxic incubator for the same period of time.

2.3. Measurement of Reactive Oxygen Species (ROS) {#sec2dot3-cells-09-01507}
-------------------------------------------------

ROS formation was assayed using dihydrorhodamine 123 (DHR) as described by Palomba et al. \[[@B19-cells-09-01507]\]. Briefly, primary cortical neurons, loaded with DHR (10 µM for 20 min), were processed as detailed in the figure legends and analyzed with a Leica DMI6000 fluorescence microscope equipped with a Leica DFC320 cooled digital CCD camera (Leica Microsystems, Milan, Italy). The excitation and emission wavelengths were 488 and 515 nm, respectively. Pictures were collected with exposure times of 100--400 ms, digitally acquired and analyzed for fluorescence determination at the single cell level with the Metamorph Imaging Software (Leica MetaMorph© AF). Mean fluorescence values were determined by averaging the fluorescence values of at least 50 cells/treatment condition/experiment.

2.4. Cellular Viability Assay {#sec2dot4-cells-09-01507}
-----------------------------

The decrease in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was assessed as a measure of cell viability \[[@B21-cells-09-01507]\]. Briefly, after treatments, the MTT solution (5 mg/mL) was added to the culture and incubated for an additional 4 h. Formazan produced by the neurons was measured using an ELISA 96-well plate reader (Bio-Rad Laboratories, Hercules, CA, USA) at 490 nm of the absorbance.

2.5. Immunocytochemistry {#sec2dot5-cells-09-01507}
------------------------

Primary cortical neurons were fixed for 20 min with paraformaldehyde (4%; *v*/*v*), washed with phosphate-buffered saline (PBS) and blocked in PBS-containing bovine serum albumin (BSA) (2%, *w*/*v*). A goat anti-OX-1R antibody (Santa Cruz, CA, USA), a rabbit anti-CB1R (anti C terminus 461--472; Abcam) or a mouse anti-NeuN (Abcam) antibody were used as primary antibody. After 18 h at 4 °C, the neurons were rinsed and exposed to a fluorescein isothiocyanate-conjugated secondary antibody for 2 h in the dark. Stained cells were analyzed with a Leica DMI6000 fluorescence microscope supplied with a Leica DFC320 cooled digital CCD camera (Leica Microsystems).

2.6. Western Blot Analysis {#sec2dot6-cells-09-01507}
--------------------------

After treatments, primary neurons were processed to obtain whole cell lysates and mitochondrial and cytosolic fractions, as described \[[@B22-cells-09-01507]\]. Western blot analysis was next performed. Protein extracts were subjected to electrophoresis on a 12% polyacrylamide gel and transferred to Polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with non-fat dry powdered milk for 2 h and incubated overnight at 4 °C with antibodies against Akt, Akt phosphorylated at serine 473, Bcl-2, or cytochrome c (1:500; Calbiochem), whereas incubation was for 1 h at room temperature with the horseradish peroxidase -conjugated goat α-rabbit secondary antibody (1:1000; Biorad). A monoclonal anti-β-actin antibody (1:4000; Sigma-Aldrich) was used as to assess reference protein expression. Detection was performed using chemiluminescence (Clarity ECL; Biorad). Images were analyzed on a ChemiDoc station with ImageJ software.

2.7. EC Measurements {#sec2dot7-cells-09-01507}
--------------------

After treatments, mice were killed by cervical dislocation, the brains removed and the cerebral cortex rapidly (\<5 min) dissected. Tissue samples were homogenized in 5 vol chloroform/methanol/Tris·HCl 50 mM (2:1:1 by volume), containing 50 pmol of d5-2-arachidonoylglycerol (d5-2-AG) and 5 pmol of d8-anandamide (d8-AEA) as internal standards. Homogenates were centrifuged at 13,000× *g* for 16 min (4 °C); the aqueous phase plus debris were collected and extracted four times with 1 vol chloroform. The lipid-containing organic phases were pooled, dried, and pre-purified by open-bed chromatography on silica columns eluted with increasing concentrations of methanol in chloroform. Fractions for EC measurement were obtained by eluting the columns with 9:1 (by volume) chloroform/methanol and then analyzed by liquid chromatography-atmospheric pressure chemical ionization-mass spectrometry (LC-APCI-MS). LC-APCI-MS analyses were carried out in the selected ion monitoring mode, using *m/z* values of 384.35 and 379.35 (molecular ions +1 for deuterated and undeuterated 2-AG) and 347.5 and 355.5 (molecular ions +1 for deuterated and undeuterated AEA). Values are expressed as pmol per mg of wet tissue extracted.

For EC levels in neurons, after treatments, primary cortical neurons and their supernatants were collected, homogenized, and analyzed as indicated above for tissues. EC levels were normalized per mL of cell + medium. Each sample contained 0.5 × 10^5^ cells/mL in 2 mL. In some experiments, the number of ECs in neurons was measured after stimulation with OX-A in the presence or absence of the diacylglycerol lipase (DAGL) inhibitor, O-7460 \[[@B23-cells-09-01507]\].

2.8. Animals {#sec2dot8-cells-09-01507}
------------

Male C57BL6 mice (20--24 g) purchased from Charles River (Calco, Italy) were used for the induction of permanent or transient focal ischemia. Mice were housed under standard conditions with a 12 h light/dark cycle and food and water ad libitum. Studies were carried out in accordance with the National Guidelines for Animal Use (Italian Parliament DL.116/92) and approved by the Italian Ministry of Health. All efforts were made to minimize the potential sufferance and discomfort of animals and their number.

2.9. Transient Focal Ischemia in Mice {#sec2dot9-cells-09-01507}
-------------------------------------

Mice (10-weeks old, 22 to 24 g body weight) were treated with isoflurane (3% for induction and 2% for maintenance) in N~2~O/O~2~ (70:30). A rectal temperature probe associated with a heating pad was used to maintain body temperature at 37 °C throughout the surgical period (up to 60 min after the induction of focal ischemia).

For induction of transient middle cerebral artery occlusion (MCAO), a silicon-coated filament (200 µm) was inserted into the internal carotid artery until it blocked the origin of the middle cerebral artery (MCA). Cerebral blood flow was routinely measured in mice by taking away the skin over the right hemisphere and fixing a flexible optical filament by instant glue on the skull in correspondence to a major branch of the MCA on the right side of the skull (4 mm from the midline and 2 mm posterior to the bregma). The optical filament was united to a laser Doppler flow meter (PeriFlux System; Perimed, Cuggiono, Italy) for the assessment of cerebral blood flow. Cerebral blood flow was determined throughout the surgical procedure when the animal was under deep anesthesia, including 30 min before, 45 min of occlusion, and 20 min after MCAO. Monofilament placement was established by a reduction of cerebral blood flow (\>80% basal value) by laser Doppler. Mice with adequate occlusion were included in the study. These mice had a (i) regional blood flow reduction \> 80%, (ii) a sustained reduction of regional blood flow throughout the occlusion time, and (iii) a complete rescue of regional blood flow within 5 min after removal of monofilament. Sham-operated mice were subjected to the same anesthesia and surgical procedure, except for MCAO. After surgery, all mice were positioned in an incubator (Compact incubator, Thermo Scientific, AHSI, Bernareggio, Italy) at 37 °C for 120 min, and then brought back to their home cages. Ischemic mice were injected with 0.5 mL of 5% glucose in Krebs subcutaneous every 24 h.

Mice undergoing to transient MCAO were injected intraperitoneal (ip.) with either saline or orexin-A (40 µg/kg, dissolved in saline) 30 min before MCAO. Mice were killed 48 h after ischemia.

2.10. Histological Analysis and Assessment of the Infarct Volume {#sec2dot10-cells-09-01507}
----------------------------------------------------------------

Brains were cut and fixed in Carnoy's solution, embedded in paraffin, and sectioned at 10 µm. Sections were deparaffinized and processed for staining with thionin (Nissl staining for histologic assessment of neuronal degeneration). The analysis was executed on sections regularly spaced every 550 µm through the extension of the ischemic region. The infarct volume was determined by integrating the cross-sectional area of damage on each section and the distance between the various levels. In each stained section, the necrotic area and the total area of the ipsilateral hemisphere were identified and outlined at a magnification of 2.5× and analyzed using Scion Image software (NIH, Bethesda, MD, USA). The infarct volume (V) and the total ipsilateral hemisphere volume were calculated by the following formula: V = S(*Ai* × *TS* × *n*), where *Ai* is the ischemic area measured at the ith section, *TS* is the section thickness (10 µm), and *n* is the number of sections between two adjacent levels. Infarct volumes are expressed as the % hemisphere volume.

2.11. Statistical Analysis {#sec2dot11-cells-09-01507}
--------------------------

Data are expressed as mean ± SEM unless otherwise indicated and were analyzed using the GraphPad Prism 6 software, version 6.05 (GraphPad, Inc., San Diego, CA, USA). Statistical differences among groups were determined by either Student's *t*-test or two-way ANOVA followed by Bonferroni test. The data were normally distributed. A level of confidence of *p* \< 0.05 was taken for statistical significance.

3. Results {#sec3-cells-09-01507}
==========

3.1. OX-A Prevents OGD-Induced ROS Formation in Primary Cultures of Mouse Cortical Neurons {#sec3dot1-cells-09-01507}
------------------------------------------------------------------------------------------

It is well known that ROS formation is observed during ischemia/reperfusion. While only a small amount of ROS is generated during ischemia, far greater production occurs during reperfusion. Since OX-A is protective against oxidative stress \[[@B8-cells-09-01507],[@B24-cells-09-01507],[@B25-cells-09-01507]\], we used OGD-induced injury, an in vitro model of cerebral ischemia/reperfusion, to determine if OX-A can offer neuroprotection by preventing ROS formation. After 60 min exposure of primary mouse cortical neurons to OGD followed by increasing time interval in the normotoxic condition, ROS formation, assessed with DHR, a cell-permeable fluorogenic probe, was detected with maximum effect at 1.5 h ([Figure 1](#cells-09-01507-f001){ref-type="fig"}A). This effect was prevented by pre-treatment with OX-A (30 min) in a dose-dependent manner ([Figure 1](#cells-09-01507-f001){ref-type="fig"}B), and was mediated by OX-1R, since the protective effect of the neuropeptide was blocked by SB334867 (10 µM, added 15 min before OX-A), a specific OX-1R antagonist ([Figure 1](#cells-09-01507-f001){ref-type="fig"}B).

3.2. OX-A Prevents OGD Injury by Inducing 2-AG Biosynthesis and Subsequent Activation of CB1 Receptors {#sec3dot2-cells-09-01507}
------------------------------------------------------------------------------------------------------

Recently, we reported that in hypothalamic neurons OX-A stimulates the biosynthesis of 2-AG \[[@B12-cells-09-01507]\], the most abundant EC in the brain \[[@B13-cells-09-01507],[@B14-cells-09-01507],[@B15-cells-09-01507]\], hydrolyzed primarily by MAGL \[[@B26-cells-09-01507]\]. This effect of OX-A was observed here also in primary cultures of mouse cortical neurons, where 2-AG levels were increased after treatment with the neuropeptide (0.2 µM for 30 min; [Table 1](#cells-09-01507-t001){ref-type="table"}). OX-A-induced elevation of 2-AG concentrations was prevented by O-7460, a selective inhibitor of DAGLs, the enzymes catalyzing 2-AG formation.

In order to provide evidence for the intermediacy of 2-AG and CB1 receptors in OX-A prevention of OGD-induced ROS formation and subsequent neuron death, we adopted a dual experimental strategy: (1) we exposed to OGD primary neurons pre-treated with arachidonyl-2′-chloroethylamide (ACEA), a selective CB1 receptor agonist; and (2) we performed experiments in primary cortical neurons isolated from MAGL null mice, which are characterized by higher 2-AG levels ([Table 1](#cells-09-01507-t001){ref-type="table"}) \[[@B27-cells-09-01507],[@B28-cells-09-01507]\]. We first confirmed the expression of both CB1 and OX-1R by immunocytochemistry in mouse primary cortical neurons ([Figure 2](#cells-09-01507-f002){ref-type="fig"}). Next, as shown in [Figure 3](#cells-09-01507-f003){ref-type="fig"}A, we demonstrated that the protective effect of OX-A (0.2 µM) on OGD-induced ROS formation was abolished by treating the cells with AM251 (0.5 µM; added 15 min before OX-A), a CB1 receptor antagonist/inverse agonist, as well as by SB334867 (10 µM, added 15 min before OX-A). Additionally, the cell death, determined by the MTT assay, induced by 1 h exposure to OGD followed by 24 h of reoxygenation, was also reduced by pre-exposure to OX-A (0.2 µM for 30 min), in a manner again sensitive to both SB334867 (10 µM, added 15 min before OX-A) and AM251 (0.5 µM, added 15 min before OX-A) ([Figure 3](#cells-09-01507-f003){ref-type="fig"}B). In the same experimental condition, ACEA (0.5 µM), added 15 min before OGD, prevented both ROS formation and cell death in a manner reversed by AM251 (0.5 µM, added 15 min before ACEA) ([Figure 4](#cells-09-01507-f004){ref-type="fig"}A,B).

To provide additional evidence for the involvement of CB1 in OX-A-induced neuroprotection, experiments were performed in primary neurons isolated from MAGL null mice (MAGL^-/-^), where the levels of 2-AG were found here to be \~10-fold higher compared to primary neurons from wild-type mice ([Table 1](#cells-09-01507-t001){ref-type="table"}). As shown in [Figure 5](#cells-09-01507-f005){ref-type="fig"}, exposure of neurons from MAGL^-/-^ mice to OGD did not result in ROS formation ([Figure 5](#cells-09-01507-f005){ref-type="fig"}A) and subsequent cell death ([Figure 5](#cells-09-01507-f005){ref-type="fig"}). This lack of effect was most likely due to increased tonic activation of CB1 induced by 2-AG, since AM251 treatment restored both OGD-induced ROS formation and cell death ([Figure 5](#cells-09-01507-f005){ref-type="fig"}). These data strongly suggest that 2-AG mediates the neuroprotection induced by OX-A, at least in primary cortical neurons exposed to OGD insult.

3.3. OX-A Counteracts OGD-Induced Inhibition of the PI3K/Akt Signaling {#sec3dot3-cells-09-01507}
----------------------------------------------------------------------

Since neuronal cells exposed to OGD insult undergo apoptotic death \[[@B29-cells-09-01507],[@B30-cells-09-01507]\] mediated by the phosphatidylinositol-3-kinase (PI3K)/Akt and ERK1/2 pathways \[[@B31-cells-09-01507],[@B32-cells-09-01507]\], we investigated the effect of OX-A on these pathways. Primary cortical neurons were exposed to OGD (1 h followed by 24 h of reoxygenation) in the absence or presence of OX-A (0.2 µM added 30 min before OGD), followed by protein extraction and Western blot analysis. OX-A treatment increased significantly the levels of p-Akt compared to treatment with OGD alone ([Figure 6](#cells-09-01507-f006){ref-type="fig"}A). This response was prevented by pre-incubation with either SB334867 (10 µM, added 15 min before OX-A) or AM251 (0.5 µM; added 15 min before OX-A). Under the same conditions, ACEA (0.5 µM added 15 min before OGD) also prevented the decrease of p-Akt levels induced by OGD in a manner sensitive to AM251 (0.5 µM; added 15 min before ACEA). Additionally, pretreatment of cells with PD98059 (50 µM), an ERK1/2 phosphorylation inhibitor, blocked the OX-A-mediated increase of p-Akt ([Figure 6](#cells-09-01507-f006){ref-type="fig"}A), suggesting that OX-A may inhibit the insult induced by OGD via the activation of the PI3K/Akt and ERK1/2 cell survival pathways \[[@B33-cells-09-01507],[@B34-cells-09-01507]\].

3.4. Effects of OX-A on Bcl-2 Expression and Cytochrome c Release {#sec3dot4-cells-09-01507}
-----------------------------------------------------------------

Bcl-2 inhibits apoptosis by preventing mitochondrial membrane depolarization \[[@B35-cells-09-01507]\] and, consequently, cytochrome c release from the mitochondria into the cytosol \[[@B35-cells-09-01507]\]. Since OGD induces cytochrome c release from the mitochondria into the cytosol \[[@B36-cells-09-01507]\] by interfering with Bcl-2 expression, we investigated the possible effect of OX-A on Bcl-2 levels in the cytosol. We found that OGD decreased Bcl-2 protein levels, whereas OX-A treatment prevented this effect in a manner sensitive to both SB334867 (10 µM; added 15 min before OX-A) and AM251(0.5 µM; added 15 min before OX-A) ([Figure 6](#cells-09-01507-f006){ref-type="fig"}B). Additionally, OGD induced cytochrome c release and this effect was also blocked by OX-A, in a manner reverted again by either SB334867 or AM251 treatment ([Figure 6](#cells-09-01507-f006){ref-type="fig"}B).

3.5. Effects of OX-A in MCAO-Induced Focal Cerebral Ischemia {#sec3dot5-cells-09-01507}
------------------------------------------------------------

To determine whether OX-A treatment may attenuate the damage induced by ischemia in vivo, we examined the effect of the neuropeptide in MCAO mice. We carried out experiments in mice undergoing transient MCAO treated systemically with OX-A. The drug was injected intraperitoneally 30 min before MCAO at a dose of 40 µg/kg, which was shown to be fully effective in in vivo studies \[[@B18-cells-09-01507]\]. Treatment with OX-A significantly reduced the infarct volume ([Figure 7](#cells-09-01507-f007){ref-type="fig"}).

To provide evidence for 2-AG involvement in OX-A induced neuroprotection in vivo, we analyzed the levels of ECs in the cerebral cortex of mice 48 h after transient MCAO with or without OX-A administration. Transient MCAO resulted in the reduction of 2-AG levels in mouse cerebral cortex, and OX-A treatment prevented this effect ([Table 2](#cells-09-01507-t002){ref-type="table"}). Interestingly, OX-A also increased the levels of the other EC, AEA, which instead was unaffected by transient MCAO per se.

4. Discussion {#sec4-cells-09-01507}
=============

OX-A, a neuropeptide produced by the lateral hypothalamus, has a protective effect on cerebral ischemia-induced cell death \[[@B7-cells-09-01507],[@B9-cells-09-01507]\]. Accordingly, in the present study we found that treatment with OX-A resulted in protection from ischemia/reperfusion injury in both the in vitro and in vivo models used. The mechanism by which OX-A prevents ischemia-induced neuronal death, however, is currently unclear. The data presented here suggest that such a mechanism involves the sequential biosynthesis of the most abundant brain EC, 2-AG, the activation of CB1 receptors, the triggering of the ERK1/2-p-Akt survival cascade, and the subsequent inhibition of ischemia-induced neuronal apoptosis.

It is well known that ECs, in particular 2-AG, are involved in neuroprotection from cerebral ischemia-induced cell death \[[@B16-cells-09-01507]\]. Recently, it has emerged that OX-A, through OX-1R activation, stimulates 2-AG biosynthesis via the phospholipase C-diacylglycerol lipase α (DAGLα) route \[[@B11-cells-09-01507],[@B12-cells-09-01507],[@B18-cells-09-01507]\]. Therefore, we hypothesized an involvement of 2-AG in the neuroprotection afforded by OX-A, and accordingly we found here that the neuropeptide stimulates 2-AG biosynthesis also in a primary culture of mouse cortical neurons. Consistent with the working hypothesis, we also found that OGD-induced ROS formation and the subsequent cell death in primary cerebral neurons was prevented by OX-A in a manner sensitive to not only SB334867, a specific OX-1R antagonist, but also AM251, a CB1 receptor antagonist/inverse agonist. The 2-AG-mediated mechanism of action of OX-A was further confirmed using primary neurons isolated from MAGL null mice, where the levels of 2-AG were much higher compared to primary neurons from wild type mice. As expected, OGD failed to induce ROS formation and cell death in these neurons, most likely due to their increased tone of 2-AG-mediated CB1 activation, since CB1 antagonism with AM251 restored both OGD-induced ROS formation and cell death.

Studies have shown that OGD-induced apoptotic cell death \[[@B29-cells-09-01507],[@B30-cells-09-01507]\] occurs by the inhibiting PI3K/Akt and ERK1/2 pathways \[[@B31-cells-09-01507],[@B32-cells-09-01507]\], and that neuroprotective effects of both OX-A- \[[@B37-cells-09-01507],[@B38-cells-09-01507],[@B39-cells-09-01507]\] and ECs \[[@B40-cells-09-01507],[@B41-cells-09-01507]\] were dependent on the activities of these two pathways. We showed for the first time that the effect of OX-A on OGD-induced apoptotic cell death is mediated by CB1 activation. In fact, Akt phosphorylation and subsequent activation were prevented by AM251. We demonstrated that the anti-apoptotic protein Bcl-2 is a target for OX-A-induced neuroprotection, as OGD decreased the cytosolic levels of this protein and OX-A increased them back to control levels. Once again, the latter effect was prevented by the CB1 antagonist.

It well known that the Bcl-2 family proteins prevent apoptosis by regulating the permeability of the mitochondrial membrane \[[@B42-cells-09-01507]\] and cytochrome c release from the mitochondria \[[@B43-cells-09-01507]\]. The latter effect, via interaction with Apaf-1, leads to activation of caspase-9 and -3 \[[@B44-cells-09-01507],[@B45-cells-09-01507],[@B46-cells-09-01507]\] and, hence, to the apoptotic cascade. In agreement with previously reported data \[[@B36-cells-09-01507],[@B47-cells-09-01507],[@B48-cells-09-01507]\], we found that cytochrome c was translocated from the mitochondria to the cytosol after OGD also in primary cortical neurons, and showed that this effect was prevented by OX-A. The observation that AM251 was able to prevent this anti-apoptotic effect of OX-A suggests again the involvement of CB1 in OX-A-induced neuroprotection.

Finally, using the transient MCAO models for stroke, we demonstrated that in vivo administration of OX-A significantly reduced infarct volumes. Once again in agreement with the role of 2-AG/CB1 signaling in OX-A action, we found that OX-A increased 2-AG levels in the cerebral cortex of mice subjected to the transient ischemic insult, which per se reduced the tissue concentrations of this EC. Interestingly, OX-A, but not transient MCAO itself, also enhanced the cortical levels of the other EC, AEA. This effect, which may have contributed to the neuroprotection afforded by the neuropeptide, could be due to restoration of CB1 signaling by 2-AG, since it has been reported that CB1 activation can indirectly enhance AEA levels in the brain and peripheral tissues \[[@B49-cells-09-01507],[@B50-cells-09-01507]\].

In conclusion, the results reported in this study demonstrate the role of 2-AG and CB1 receptors in OX-A-induced prevention of the neuronal damage caused by ischemia. These findings provide a basis for further studies to discover a new potential therapeutic approach in the clinical treatment of brain ischemic injury.
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![Orexin-A (OX-A) prevents oxygen--glucose deprivation (OGD)-induced reactive oxygen species (ROS) formation in cortical primary neurons. (**A**) Dihydrorhodamine 123 (DHR)-loaded primary neurons were exposed to OGD for 60 min followed by reoxygenation for increasing time intervals or were maintained under normoxic conditions. After treatment, the cells were observed with a Leica DMI6000 fluorescence microscope equipped with a Leica DFC320 cooled digital CCD camera (Leica Microsystems). The resulting images were analyzed to quantify the mean fluorescence of individual cells using the Metamorph Imaging Software (Leica MetaMorph AF). Results are expressed as arbitrary units and represent the mean ± SEM calculated from three to five separate experiments, each performed in duplicate. \* *p* \< 0.05; \*\* *p* \< 0.01 vs. normoxic-treated cells (one-way ANOVA followed by Bonferroni test). (**B**) DHR-loaded primary neurons were treated with the different concentration of OX-A for 30 min in the absence or presence of SB334867 (10 µM, added 15 min before OX-A) and, finally, exposed to OGD for 60 min. After treatment, the cells were analyzed with a fluorescence microscope as described in (A). Results expressed as arbitrary units represent the mean ± SEM calculated from three to five separate experiments, each performed in duplicate. \* *p* \< 0.05, \*\* *p* \< 0.001 vs. OGD-treated cells; (\*\*) *p* \< 0.01 vs. OX-A-treated cells (one-way ANOVA followed by Bonferroni test).](cells-09-01507-g001){#cells-09-01507-f001}

![Expression of cannabinoid type-1 (CB1) and orexin-1 receptor (OX-1R) in primary cortical neurons. Representative micrographs of immunocytochemical staining of the CB1 (red signal) or OX-1R (green signal) receptors in a primary culture of cortical neurons. Neuronal-specific nuclear protein (NeuN) antibody (blue signal) was used as marker of neuronal cells. Scale bar: 20 µm.](cells-09-01507-g002){#cells-09-01507-f002}

![OX-A prevents OGD-mediated ROS toxicity in primary cortical neurons. (**A**) DHR-loaded cells were incubated with AM251 (0.5 µM) or SB 334867 (10 µM) for 15 min, exposed to OX-A (0.2 µM) for an additional 30 min and, finally, subjected to OGD for 60 min. The cells returned to the incubator under normoxic conditions for 1.5 h before analysis with a fluorescence microscope as described in [Figure 1](#cells-09-01507-f001){ref-type="fig"}. Results expressed as arbitrary units represent the mean ± SEM calculated from three to five separate experiments, each performed in duplicate. \* *p* \< 0.05, \*\* *p* \< 0.001 vs. control cells; (\*) *p* \< 0.001 vs. OGD-treated cells (one-way ANOVA followed by Bonferroni test). (**B**) Neurons were treated as described in (A) and after 20 h in the incubator under normoxic conditions were analyzed for cell viability using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Results are expressed as the percentage of viable cells detected following OGD compared to control normoxic plates. Results represent the mean ± SEM of three to five separate experiments, each performed in duplicate. \* *p* \< 0.001 vs. control cells; (\*) *p* \< 0.001 vs. OGD-treated cells (one-way ANOVA followed by Bonferroni test).](cells-09-01507-g003){#cells-09-01507-f003}

![CB1 stimulation with arachidonyl-2′-chloroethylamide (ACEA) prevents OGD-induced ROS formation as well as toxicity in primary cortical neurons. (**A**) DHR-loaded cells, were incubated for 15 min with AM251 (0.5 µM), exposed to ACEA (0.5 µM) for an additional 15 min and, finally, subjected to OGD (60 min). After 1.5 h incubation under normoxic conditions, the cells were analyzed with a fluorescence microscope as described in [Figure 1](#cells-09-01507-f001){ref-type="fig"}. Results expressed as arbitrary units represent the mean ± SEM calculated from three to five separate experiments, each performed in duplicate. \* *p* \< 0.05, \*\* *p* \< 0.001 vs. control cells; (\*) *p* \< 0.001 vs. OGD-treated cells (one-way ANOVA followed by Bonferroni test). (**B**) Neurons were treated as in (A), exposed to OGD for 60 min, and after 20 h under normoxic conditions, were analyzed for cell viability using the MTT assay. Results represent the mean ± SEM of three to five separate experiments, each performed in duplicate. \* *p* \< 0.05, \*\* *p* \< 0.001 vs. control cells; (\*) *p* \< 0.01 compared to OGD-treated cells (one-way ANOVA followed by Bonferroni test).](cells-09-01507-g004){#cells-09-01507-f004}

![OGD treatment fails to induce ROS formation and toxicity in primary cortical neurons isolated from MAGL null mice. (**A**) Primary neurons isolated from MAGL null mice, loaded with DHR, were incubated with AM251 (0.5 µM, 15 min), exposed to OX-A (0.2 µM) for an additional 30 min and, finally, subjected to OGD for 60 min. After 1.5 h incubation under normoxic conditions, the cells were analyzed with a fluorescence microscope as described in [Figure 1](#cells-09-01507-f001){ref-type="fig"}. Results expressed as arbitrary units represent the mean ± SEM calculated from three to five separate experiments, each performed in duplicate. \* *p* \< 0.0001 vs. OGD-treated cells (one-way ANOVA followed by Bonferroni test). (**B**) Neurons were treated as in (**A**), exposed to OGD for 60, and after 20 h under normoxic conditions, analyzed for cell viability using the MTT assay. Results represent the mean ± SEM of three separate experiments, each performed in duplicate. \* *p* \< 0.01 vs. OGD-treated cells (one-way ANOVA followed by Bonferroni test).](cells-09-01507-g005){#cells-09-01507-f005}

![Effect of OX-A or ACEA on OGD-induced apoptosis in primary cortical neurons. (**A**) Neurons were incubated with AM251 (0.5 µM), SB 334867 (10 µM) or PD98059 (50 µM) for 15 min, exposed to OX-A (0.2 µM) for an additional 30 min and, finally, subjected to OGD for 60 min. The cells returned to the incubator under normoxic conditions for 20 h prior to analyzing the total cell extract with Western blotting using anti-phospho-Akt ^serine\ 473^ or AKT antibodies. Fold data represent the mean ± SEM of three separate experiments, each performed in duplicate, normalized to the total proteins present in the extract of control cells. (**B**) Cells, treated as in (**A**), returned to the incubator under normoxic conditions for 20 h prior to isolating the mitochondrial and cytosolic fractions. Cytosolic fractions were finally processed for Western blot analysis using cytochrome c or Bcl-2 antibodies. Fold data represent the mean ± SEM of three separate experiments, each performed in duplicate, normalized to the total proteins present in the cytosolic fractions of control cells. Blots shown are representative of three separate experiments with similar outcomes. The β-actin bands confirm that similar amounts of proteins were loaded on the gel for each sample. \* *p* \< 0.01 vs. untreated cells; ^\#^ *p* \< 0.01 vs. OGD-treated cells; ^§^ *p* \< 0.01 vs. OGD/OX-A-treated cells; (\*) *p* \< 0.01 vs. OGD/ACEA-treated cells (one-way ANOVA followed by Bonferroni test).](cells-09-01507-g006){#cells-09-01507-f006}

![Systemic injection of OX-A reduces necrosis volume in the middle cerebral artery occlusion model of transient focal ischemia. Representative images of brain Nissl staining of male mice subjected to transient MCAO and treated i.p with saline or OX-A (40 µg/kg, injected 30 min before the onset of ischemia). Mice were killed 48 h after MCAO. Values of the infarct volume are mean ± SEM; *n* = 6 mice per group. Values were calculated by integrating the cross-sectional area of damage at each bregma level and the distances between the various levels and are expressed as the % necrotic volume of the entire right cerebral hemisphere. \* *p* \< 0.05 (Student's *t*-test).](cells-09-01507-g007){#cells-09-01507-f007}
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###### 

2-Arachidonoylglycerol (2-AG) and anandamide (AEA) levels in primary cortical neurons isolated from C57BL/6 or monoacylglycerol lipase (MAGL) null mice.

  ------------------------------------------------
                  2-AG\             AEA\
                  (pmol/mL)         (pmol/mL)
  --------------- ----------------- --------------
  **Wild type**                     

  Untreated       1.30 ± 0.50       0.06 ± 0.007

  OX-A            241 ± 66.8 \*\*   0.08 ± 0.030

  OX-A+ O-7460    2.99 ± 2.64       0.07 ± 0.010

  **MAGL−/−**                       

  Untreated       11.23 ± 0.54 \*   0.04 ± 0.01
  ------------------------------------------------

Endogenous levels of 2-AG or AEA were quantified by liquid chromatography-atmospheric pressure chemical ionization-mass spectrometry (LC-APCI-MS) in primary culture of cortical neurons isolated from C57BL/6 or MAGL null mice. In some experiments, primary neurons were treated with Ox-A (0.2 µM), with or without O-7460 (10 µM). 2-AG levels are normalized per volume of cells (each sample contains 0.5 × 10^5^ cells/2 mL). Results represent mean ± SEM of three separate experiments, each performed in duplicate. \*\* *p* \< 0.0001 vs. wild type untreated cells; \* *p* \< 0.001 vs. wild type untreated cells (one-way ANOVA followed by Bonferroni test).
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###### 

2-AG and AEA levels in mouse cerebral cortex after transient focal ischemia.

  -------------------------------------------------------------------------------------
                              2-AG\                        AEA\
                              (pmol/g Wet Tissue Weight)   (pmol/g Wet Tissue Weight)
  --------------------------- ---------------------------- ----------------------------
  Sham                        1.12 ± 0.27                  0.064 ± 0.015

  Transient ischemia          0.39 ± 0.19 \*               0.058 ± 0.014

  Transient ischemia + OX-A   0.70 ± 0.11 ^\#^             0.088 ± 0.003 \*^\#^
  -------------------------------------------------------------------------------------

Endogenous levels of 2-AG or AEA were quantified by LC-APCI-MS in the cerebral cortex of mice subjected to transient focal ischemia in the absence or presence of OX-A (40 µg/kg; i.p.). Data are mean ± SEM; *n* = 6 mice per group. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni post hoc test. \* *p* \< 0.001 vs. sham-operated mice; ^\#^ *p* \< 0.005 vs. mice subjected to transient focal ischemia.
